A detailed knowledge of spatiotemporal variations in surface albedo is crucial if surface-atmosphere energy exchanges are to be accurately represented in climate models. Satellite observations can provide this information. This study uses moderate resolution imaging spectroradiometer (MODIS) data to investigate how summer and winter albedos, and the intra-annual variation in albedo, vary across the Canadian landscape. We show that (i) albedos generally decrease as one moves from grassland to broadleaved forest to needleleaved and mixed forest; (ii) the effects of snow on albedo vary among cover types; (iii) the largest intra-annual albedo variations occur over grasslands, cropland, and tundra; (iv) significant differences in albedo occur not only among broadleaved forest, needleleaf forest, grassland, and tundra, but also among their various canopy types (e.g., open versus closed canopies); and (v) land cover types sharing similar albedos in winter do not necessarily share similar albedos in summer. These trends are caused by differences in canopy structure and are supported to varying degrees by other in situ and remote sensing studies. These results suggest that the use of overly general land cover classes (e.g., needleleaved forest, grassland, tundra) in climate models will ignore important local-scale spatial variations in surface albedo.
Introduction
Land surface albedo, the fraction of incident (shortwave) solar radiation reflected in all directions by the land surface, is one of the most important parameters influencing the earth's climate (Pinty and Verstraete, 1992) . Surface albedo is important because it controls the amount of radiation absorbed by the ground and hence determines the amount of energy available for heating the lower atmosphere, evaporating water, and driving the ecosystem processes that regulate greenhouse gas exchange (Rowe, 1991; Wang et al., 2002) . Changes in surface albedo, which can result from various natural or anthropogenic phenomena, can significantly alter these ground-atmosphere interactions. For example, simulation studies suggest that higher surface albedos resulting from deforestation can lead to negative radiation forcing (Hansen et al., 1998) and reductions in precipitation and evapotranspiration (Xue and Shukla, 1993; Hahmann and Dickinson, 1997) . A detailed knowledge of spatiotemporal changes in albedo is crucial if the global radiation balance and its influence on climate are to be adequately understood (Henderson-Sellers and Wilson, 1983; Lucht et al., 2000b) .
The central role that surface albedo plays in the physical climate system makes it a key component of general circulation models (GCMs). The accurate parameterization of albedo in GCMs is crucial because its mis-specification usually generates large errors in modelled radiation balances (Betts and Ball, 1997) . Unfortunately, however, surface albedo remains one of the largest radiative uncertainties associated with modelling attempts (Liang, 2002) . GCMs generally represent albedo in one of two ways. The first (and more traditional) approach is to represent albedo as a prescribed surface, where in situ observations are used to estimate the "typical" albedos of classes in a global land cover map (Li and Garand, 1994; Jin et al., 2003a) . This approach is limited by its reliance on pointbased field measurements, which are rarely dense enough to accurately characterize the grid-and subgrid-scale spatiotemporal variations in albedo that are required by models Song, 1999; Liang, 2002; Davidson and Wang, 2004) . The second approach is to represent albedo as a set of processes within the model itself (Jin et al., 2003a; Zhou et al., 2003) . This approach is limited because surface albedo calculations within the model still require an accurate parameterization of the soil and vegetation system, and these have limited availability (Jin et al., 2003a) . Clearly, more reliable methods are needed to estimate surface albedo over large areas (Song and Gao, 1999) .
Data from earth observation satellites can be used to improve the representation of surface albedo in models. The remote sensing approach is appealing for two main reasons. First, it is the only practical way to repeatedly map global land surface albedo at a spatial resolution adequate for climate modelling (Lucht et al., 2000b) . Second, it can provide albedo datasets that are free of many of the uncertainties traditionally associated with prescribed and simulated data. The remote sensing approach has the potential to provide detailed information on how landscape albedo varies through space and time. This information can then be used to either improve the accuracy of prescribed albedo surfaces and albedo parameterizations in models or validate model-generated albedo values. To date, a number of satellite-borne sensors have been used to create fine-resolution (<20 km) albedo maps of the earth's surface. These include, but are not limited to the following: advanced very high resolution radiometer (AVHRR), Landsat-7 enhanced thematic mapper plus (ETM+), geostationary operational environmental satellite (GOES), multiangle imaging spectroradiometer (MISR), moderate resolution imaging spectroradiometer (MODIS), polarization and directionality of the earth's reflectances (POLDER), and Systeme pour l'observation de la terre -Vegetation (SPOT-VGT) (Liang, 2002) . The publicly available MODIS albedo product (Schaaf et al., 2002) is particularly promising for use in climate models because it is the first to provide repeated coverage of the entire globe at a spatial resolution of 1 km (Jin et al., 2003b) .
In this study, we use MODIS albedo data to describe and analyze the surface albedo characteristics of the dominant Canadian land cover types, and then use these results to identify the cover types whose albedos are most similar and those whose albedos are most different. More specifically, we ask the following questions: (1) How do summer and winter surface albedos, and the intra-annual variation in surface albedo, vary across the Canadian landscape? (2) How closely do these results compare with the findings of other studies? (3) Do land cover classes that share similar albedos in summer also share similar albedos in winter, and is this the same for classes whose albedos are significantly different? The information gained from answering these questions will provide a further understanding of how the surface albedo of Canada's landmass varies through space and time. This information is useful for a number of reasons. First, it may be used to identify the conditions (e.g., time of year, land cover type) under which GCM albedo model subcomponents need to be improved. Second, it may be used to identify where models can simplify or aggregate their land cover schemes without losing important information on the spatiotemporal characteristics of albedo. The aggregation of classes with similar albedo characteristics eliminates the need to explicitly parameterize the albedo of each land cover class, and the nonaggregation of classes with different albedo characteristics allows important interclass differences in surface albedos to be recognized.
Methods

Data sources
MODIS 16-day albedo data (MOD43B3)
The MODIS albedo product is generated from empirical and semiempirical models (Wanner et al., 1997; Schaaf et al., 2002) . Every 16 days, multitemporal, atmospherically corrected, cloud-free data and a semiempirical kernel-driven bidirectional reflectance model are used to compute a global set of parameters describing the bidirectional reflectance distribution function (BRDF) of the land surface (Anonymous, 2003) . These parameters are provided as a set of coefficients that describe the BRDF of each 1-km pixel in MODIS bands 1-7 (product MOD43B1). The MODIS albedo product (product MOD43B3) is generated by integrating the BRDF parameters over all viewing angles at local solar noon to produce black-sky (direct radiation) and white-sky (diffuse radiation) albedo datasets for each of these seven bands and for the visible, nearinfrared, and total shortwave broadbands (0.3-0.7, 0.7-5.0, and 0.3-5 .0 µm, respectively) (Schaaf et al., 2002) . Broadband albedos are calculated using spectral-to-broadband conversion algorithms (Liang, 2000; 2002) . The MODIS albedos represent the best quality data possible for each 16-day period (Zhou et al., 2003) . Actual (blue-sky) albedos can be calculated from a linear combination of black-and white-sky albedos, depending on the fraction of diffuse sunlight (Anonymous, 2003) . A detailed description of the MODIS albedo product, its creation, and validation is provided by Wanner et al. (1997) , Lucht et al. (2000a) , Schaaf et al. (2002) , Jin et al. (2003a; 2003b) , Zhou et al. (2003) , and the MODIS BRDF/albedo product (MOD43B3) user's guide (Anonymous, 2003) . MODIS albedo data can be freely downloaded from the US Geological Survey Land Processes Distributed Active Archive Center (LP-DAAC; available from http://edcimswww.cr.usgs.gov/pub/imswelcome/).
We acquired MODIS local noon black-sky albedo data (MOD43B3, validated version V004) for 2003 in the visible ( ) α VIS , near-infrared (α NIR ), and total shortwave ( ) α TSW wavelengths. Twenty-four tiles, each measuring approximately 1200 km × 1200 km, were mosaicked to create α VIS , α NIR , and α TSW albedo composites of the entire Canadian landmass for each 16-day period using the MODIS reprojection tool (version 3.1, US Geological Survey, 2003) . This tool was then used to project these composites to the Lambert conformal conic (LCC) projection, maintaining a spatial resolution of 1 km (see Figure 1 ). This approach provided 21 black-sky 16-day albedo composites for 2003 (days-of-year (DOY) 1, 17, 33, …, 353; data for DOY 321 and 337 were unavailable). We restrict our study to the analysis of black-sky albedo because noon-time albedo is dominated by the direct radiation component under clear sky conditions (see Wang et al., 2002) . We also restrict our study to the analysis of the α VIS , α NIR , and α TSW broadbands because they are most commonly used in climate models.
MODIS 8-day snow cover data (MOD10A2)
We used MODIS 8-day maximum snow extent data to identify periods of minimum and maximum snow cover during 2003. This dataset uses daily snow cover maps (product MOD10A1) to map maximum snow extent for 8-day periods (product MOD10A2). Pixels in these 8-day composites are classified as "snow covered" if they contained snow on 1 or more days during the 8-day period. A detailed description of the MODIS snow products, their creation, and their validation is provided by Hall et al. (1998; 2002a; 2002b) and Riggs et al. (2003) . MODIS snow extent data can also be freely downloaded from the US Geological Survey LP-DAAC (see previous section).
We acquired MODIS 8-day maximum snow extent data for 2003 (MOD10A2, validated version V003). Data were mosaicked to create snow extent composites of the entire Canadian landmass for each 8-day period using the MODIS reprojection tool. This tool was then used to project the composites to the LCC projection, maintaining a spatial resolution of 500 m. We then combined consecutive composites to create snow extent maps for each of the 16-day MODIS albedo collection periods described previously.
Land cover data
We used the digital land cover map of North America 2000 to map the spatial distribution of land cover types across the Canadian landmass. We used GEOMATICA software version 9.0 (PCI Geomatics Enterprises Inc., 2003) to project this dataset to the LCC projection, maintaining a spatial resolution of 1 km. We split the temperate and subpolar grassland cover type into separate temperate grassland and subpolar grassland classes. We then identified the land cover classes that covered >1% of the Canadian landmass. Fourteen cover types were identified (Table 1), the most dominant of which were (i) polar grassland with a dwarf-sparse shrub layer, (ii) needleleaved evergreen forest (closed canopy), (iii) needleleaved evergreen forest (open canopy), and (iv) polar grassland with a sparse shrub layer. We only consider these 14 land cover classes in this study.
Canada-wide water fraction data
We used the Canada-wide water fraction map (Fernandes et al., 2001) to identify the albedo observations that were collected from water-free pixels (see next section). This map was provided in the LCC map projection and at a spatial resolution of 1 km. Water fraction represents the fraction of area within each 1-km grid cell over Canada's land mass covered by water bodies, as mapped within the National Topographic Database (NTDB) version 3.1. This map can be downloaded directly from the Natural Resources Canada spatial data archive (GEOGRATIS; available from http://geogratis.cgdi.gc.ca/download/WaterFraction/).
Data analysis
We imported the albedo, snow extent, land cover, and water fraction datasets into a geographical information system (GIS) database (Geographical Resources Analysis Support System (GRASS), version 5.0, 2003). The albedo, land cover, and water fraction datasets were at a spatial resolution of 1 km. The snow extent maps were at a spatial resolution of 500 m. The use of a common map projection (LCC) allowed us to analyze spatiotemporal patterns in surface albedo using simple GIS overlay procedures.
First, we identified 16-day albedo composites that could be used to represent the "typical" spatial distribution of α VIS , α NIR , and α TSW in summer and winter. We chose the time of year when snow extent was at a minimum to characterize summer albedos and the time of year when snow extent was at a maximum to characterize winter albedos. We identified the 16-day period starting 12 July 2003 (DOY 193) as the period when snow cover was at a minimum, and the 16-day period starting 18 February 2003 (DOY 49) as the period when snow cover was at a maximum. The α VIS and α NIR values from the DOY 193 composite were similar to those of other summer composites (e.g., 28 July (DOY 209) and 13 August (DOY 225)). The α VIS , α NIR , and α TSW values from the DOY 49 composite were similar to those of other winter composites (e.g., 6 March 2003 (DOY 65)). To create as comprehensive a winter dataset as possible, we replaced missing albedo values in the DOY 49 albedo composite with values from the DOY 65 composite.
Second, we assessed how summer and winter surface albedos, and the intra-annual variation in surface albedo, varied across the Canadian landscape. We achieved this by writing and implementing various algorithms within the GIS. The output of these algorithms was (i) the mean summer and winter α VIS , α NIR , and α TSW (and their associated standard deviations) for each of the 14 land cover types used in this study; and (ii) maps showing the intra-annual variability in α VIS , α NIR , and α TSW . These maps were created by calculating the standard deviations in broadband albedos on a per-pixel basis using the 21 available α VIS , α NIR , and potentially confounding effects of water on cover-albedo relationships, our analysis was limited to albedo observations from pixels that were completely water-free (i.e., where water fraction = 0%). Third, we identified the land cover classes whose albedos were statistically similar and those whose albedos were significantly different. We tested the effects of land cover class on surface albedo using single-factor analysis of variance (ANOVA). Land cover class was treated as a fixed factor. We conducted six ANOVAs in total. These corresponded to the effects of land cover on (i) summer α VIS , (ii) summer α NIR , (iii) summer α TSW , (iv) winter α VIS , (v) winter α NIR , and (vi) winter α TSW . Each ANOVA was calculated using a total of 7.7 million albedo observations (55 000 randomly selected water-free observations from each of the 14 cover classes used in the study). We did not transform our data prior to ANOVA because the F statistic is robust to violations of the assumptions of normality and homogeneous variance as long as sample sizes are equal and sufficiently large (Srivastava, 1959; Glass et al., 1972) . Where a significant effect of land cover class was detected, Tukey's pairwise comparisons were used to contrast mean values for significant differences. All ANOVAs and pairwise comparisons were conducted using the Origin statistical package, version 7.5 (OriginLab Incorporated, Northampton, Mass.), and p < 0.05 was used to determine significance in all tests.
Results
Spatial variations in summer and winter albedos
The spatial variations in summer α VIS , α NIR , and α TSW are shown in Figure 1 . The means and standard deviations of these broadbands for each land cover class are illustrated in Figure 2 and Table 2 . Figures 1a and 2a and Table 2 show that the summer α VIS across Canada is generally low (α VIS < 0.06). Although low α VIS values are typical of most cover types, they mostly correspond to the forested vegetation classes (α VIS < 0.03) (Figure 2a The spatial variations in winter α VIS , α NIR , and α TSW are shown in Figure 3 . The means and standard deviations of these broadbands for each land cover class are illustrated in Figure 4 and Table 2 . Figures 3a, 4a, and Table 2 show that the lowest winter α VIS mostly corresponds to the forested vegetation classes (α VIS < 0.40), and particularly the forests along the coast of the British Columbia mainland, Vancouver Island, and the Queen Charlotte Islands. In comparison, the winter visible albedos of cropland (mean α VIS = 0.778), grassland (mean α VIS = 0.829), and northern cover types (mean α VIS > 0.750) are higher. Indeed, the ranges in α VIS for cropland, temperate and polar grassland, and snow and ice overlap considerably (Figure 4a). Figures 3b and 4b show that winter α NIR values are generally lower than α VIS . The lowest winter α NIR values occur for closed-canopy needleleaved evergreen forest and closed-canopy needleleaved mixed forest (mean α NIR ≈ 0.25). The highest winter α NIR values occur over subpolar and polar grasslands, temperate grassland, croplands, and snow and ice (mean α NIR > 0.50). Figures 3c and 4c show that winter α TSW falls somewhere between α VIS and α NIR albedo values. The highest winter α TSW values occur for the grassland cover types (mean α TSW > 0.670), cropland (mean α TSW = 0.662), and snow and ice (mean α TSW = 0.648). The lowest winter α TSW is found over closed-canopy needleleaved evergreen forest and closedcanopy needleleaved mixed forest (mean α TSW < 0.250). Table 3 illustrates the effects of land cover type on summer and winter surface albedos. Empty white cells show where significant differences in summer albedo exist between pairs of land cover types. Empty grey cells show where significant differences in winter albedo exist between pairs of land cover types. Non-empty cells indicate where nonsignificant differences in mean α VIS (V), α NIR (N), and α TSW (T) occur. 
Intra-annual variations in albedo
We used the 21 available MODIS composites to map the perpixel intra-annual standard deviation in visible (σ VIS ), nearinfrared (σ NIR ), and total shortwave (σ TSW ) surface albedos. In locations where pixel albedos were unavailable, such as parts of the Canadian north in January and February, standard deviations were calculated using fewer observations (Figure 5a) . The σ VIS , σ NIR , and σ TSW values are shown in Figures 5b, 5c, and 5d , respectively. Figure 5b shows that σ VIS is lowest over forested cover types (σ VIS < 0.1) and highest in the subarctic and arctic grasslands of Nunavut and the Northwest Territories (σ VIS > 0.4). The σ VIS of prairie grassland and the forest-tundra transition zone lies between these two extremes (0.3 < σ VIS < 0.4). The forest-tundra transition zone, identified as a thin yellow band stretching in a northwesterly direction from James Bay (Figure 5b) , is a highly fragmented mosaic of subpolar grassland, shrubland, needleleaved forest, and burned land. This patchwork of cover types gives rise to a region whose σ VIS is greater than that of boreal forest but less than that of subarctic grassland. Figures 5c and 5d show that the α NIR and σ TSW values of forested vegetation types are similar to those described earlier for the visible broadband. These similarities do not extend to the other cover types, such as prairie or northern cover types, however, whose σ NIR and σ TSW values are less than their corresponding σ VIS values.
Discussion
Variations in summer and winter surface albedo
Patterns of albedo among cover types
Figures 2 and 4 and Table 2 highlight three important trends: (i) the mean albedos of cropland and grassland are higher than those of broadleaved forest that, in turn, are generally higher than those of needleleaved and mixed forests; (ii) the trend noted in (i) occurs during both summer and winter; and (iii) the effects of snow on surface albedo differ considerably among cover types. Although these trends are generally consistent with other in situ and remote sensing measurements (e.g., Betts and Ball, 1997; Sharrat, 1998; Baldocchi et al., 2000; Strugnell et al., 2001; Davidson and Wang, 2004) , differences in spatial resolution (e.g., in situ (<100 m) versus remote sensing (≥1 km)), spectral resolution (e.g., MODIS α TSW (wavelength λ = 0.3-5.0 µm) versus GOES α TSW (λ = 0.3-3.0 µm)), and "sky type" (e.g., black-sky albedo versus blue-sky albedo) mean that the results of these studies are not strictly comparable. Independent observations are invaluable, however, because they provide information on the dynamics of land surface albedo from a variety of perspectives. Hence, with the aforementioned limitations in mind, here we compare the patterns of albedo among cover types (this section) and the actual albedo values of each cover type (next section) with the albedos reported in other studies.
The previously described patterns of α VIS and α TSW among grassland, broadleaved forest, and needleleaved forest (Figures 2a, 2c, 4a, 4c ; Table 2 ) are generally supported by the results of other studies. GOES-8 α VIS (λ = 0.4-0.7 µm) and α TSW (λ = 0.3-3.0 µm) observations collected over the Canadian boreal region (blue-sky albedo, 4-km spatial resolution; see Gu et al., 1999) follow trends similar to those described previously for both summer and winter unpublished data) . The observed mean α TSW values of grassland, broadleaved forest, and needleleaved forest are further supported by the in situ studies of Sellers et al. (1995) , Betts and Ball (1997) , and Davidson and Wang (2004) , who used tower-based observations (blue-sky albedos; -100 m spatial resolution) to describe the α TSW characteristics of cover types over snow-free and snow-covered surfaces. We are unable to evaluate the observed trends in mean summer and winter α NIR values because we were unable to locate independent albedo observations in this wavelength.
The differences in the summer and winter albedos of grassland, broadleaved forest, and needleleaved forest canopies are caused by differences in horizontal heterogeneity, leaf orientation, clumping of needles and leaves, and total biomass. As a result, the albedos of grassland are considerably higher than those of forest canopies, and the albedos of broadleaved forest are considerably higher than those of needleleaved forest. The effects of canopy structure on surface albedo are described in detail elsewhere (e.g., Dickinson, 1983) and are not discussed further here.
The variable effects of snow on the surface albedos of cover types are also supported by the results of other studies. Betts and Ball (1997) , Sharrat (1998) , Baldocchi et al. (2000) , and Davidson and Wang (2004) all showed that snow-related increases in albedo are largest over grassland canopies and least over dense (closed-canopy) needleleaved and mixed forest canopies. These studies agree to a much lesser degree on the magnitudes of these increases (see next section), however. The varying effects of snow on surface albedo illustrate the large impact that canopy shading has on winter albedo values (Betts and Ball, 1997) . The relatively short plant forms found in croplands and grasslands mean that even small snowfalls can produce highly reflective surfaces. In comparison, tree canopies protrude through snow cover, and cast shadow on it, thereby reducing the overall effects of snow presence on albedo Eugster et al., 2000) . Canopy shadowing is the dominant mechanism controlling the influence of snow cover on surface albedo in the boreal ecozone because the snow that is intercepted by the forest canopy is quickly removed by wind (Pomeroy et al., 1998; Gamon et al., 2004) .
Albedo values of cover types
The mean MODIS summer α VIS values of broadleaved forest, needleleaved forest, and grassland (Figures 1a, 2a ; Table 2 ) are all lower than values obtained over the Canadian boreal region from the GOES-8 satellite (4 km spatial resolution; λ = 0.4-0.7 µm; Davidson and Wang, 2004; unpublished data) . This disparity is largest for broadleaved and needleleaved forests, whose mean α VIS is approximately one half of those calculated using GOES-8 data (GOES α VIS = 0.052 ± 0.008 and α VIS = 0.040 ± 0.006, respectively), and least for grassland, whose mean α VIS is approximately 80% of those calculated using GOES-8 data (GOES α VIS = 0.076 ± 0.006). In comparison, there is generally a closer agreement between the mean winter α VIS values of forest canopies (Figures 3a, 4a ; Table 2 ) and those obtained from GOES-8 observations. Indeed, the mean winter α VIS values of broadleaved forest and closed-canopy needleleaved forest are relatively consistent with GOES-derived mean α VIS values (broadleaved forest (snow): α VIS = 0.34 ± 0.08; high-density needleleaved forest (snow): α VIS = 0.20 ± 0.05). It should be noted, however, that the standard deviations associated with the GOES-8 α VIS observations are approximately half those associated with the MODIS-derived α VIS observations. The mean α VIS of grassland (and its associated standard deviation) in winter is approximately double that of the GOES-8 observations (α VIS = 0.44 ± 0.04). Similar results were obtained when the previous comparisons were repeated using all pixels in the analysis (i.e., water fraction was not considered).
The mean MODIS summer α TSW of broadleaved forest and its standard deviation are consistent with the in situ observations reported by Betts and Ball (1997) (aspen (in leaf, no snow): α TSW = 0.156 ± 0.013) and Davidson and Wang (2004) The standard deviations associated with the mean MODIS albedos were 50% (broadleaved forest) to 75% (grassland) smaller, however, than those associated with the GOES observations.
In comparison, the mean MODIS winter α TSW values of forest canopies (Figures 3c, 4c ) are generally inconsistent with those reported by the aforementioned in situ studies but consistent with those reported by the aforementioned remote sensing studies. The mean MODIS winter α TSW values of broadleaved and needleleaved forest types are considerably higher than the in situ observations reported by Betts and Ball (1997) (aspen (leafless, snow): α TSW = 0.214 ± 0.067; Jack pine (snow): α TSW = 0.150 ± 0.035), Baldocchi et al. (2000) (needleleaved (winter): α TSW = 0.130; Jack pine (winter): 0.120 ≤ α TSW ≤ 0.150; spruce (winter): α TSW = 0.110), and Davidson and Wang (2004) (aspen (snow): α TSW = 0.220 ± 0.080; Jack pine (snow): α TSW ≈ 0.180 ± 0.130). The standard deviations associated with the MODIS-derived means were generally higher than those derived from the in situ observations. There is a closer correspondence, however, between the mean winter α TSW of forested cover types and the values of GOES-derived winter blue-sky α TSW reported by Davidson and Wang. The mean MODIS winter α TSW of broadleaved forest closely matches the GOES-8 α TSW of broadleaved forest (α TSW = 0.320 ± 0.060), and the mean winter α TSW of closed-canopy needleleaved forest closely matches the mean GOES-8 α TSW of medium-and high-density needleleaved forest (α TSW = 0.250 ± 0.060 and 0.270 ± 0.070, respectively). It should be noted that in these cases, however, the standard deviations associated with the MODIS-derived albedo means are approximately double those associated with the mean GOES-8 albedo observations. The aforementioned trend is reversed for grasslands. Over grassland canopies, mean MODIS winter α TSW is relatively similar to the in situ α TSW reported by Davidson and Wang and Baldocchi et al. for snowcovered grassland (mean α TSW ≈ 0.750), but approximately twice that calculated by Davidson and Wang from GOES-8 data (α TSW = 0.440 ± 0.040). The standard deviation associated with the mean MODIS winter α TSW is also almost four times higher than that calculated by Davidson and Wang. Similar results were obtained when the previous comparisons were repeated using all pixels in the analysis.
Unfortunately, a lack of available independent observations means that we are unable to assess the values of mean MODIS summer and winter α NIR (Figures 1b, 2b, 3b, 4b) . To date, in situ and remotely sensed albedo studies have focused on the collection of albedo information in the visible and (or) total shortwave wavelengths (see earlier in the paper). Thus, we do not evaluate the relationships between cover type and α NIR further here.
Inconsistencies in the results given previously prompt us to further consider why the degree of correspondence between mean MODIS-and GOES-derived albedos appears to be independent of wavelength, land cover, and season. For example, MODIS-derived α VIS observations correspond reasonably well to the GOES-8 α VIS of forest canopies in winter, but not the GOES-8 α VIS of grasslands in winter or the GOES-8 α VIS of all cover types in summer. Furthermore, MODIS-derived α TSW observations correspond reasonably well to the in situ and GOES-8 α TSW of all cover types in summer and the in situ α TSW of grassland and the GOES-8 α TSW of forest in winter, but not the in situ α TSW of forest or GOES-8 α TSW of grassland in winter. We explain the observed consistencies and inconsistencies in our results as follows.
The close correspondence between MODIS and GOES-8 albedo observations over forest canopies in summer (for α TSW ) and winter (for α VIS and α TSW ) is not surprising, since both albedo datasets were collected at relatively similar spatial and spectral resolutions, at similar times during the growing season, at the same time during the day and over large tracts of forest. As a result, these albedo observations not only were influenced by the same scale-dependent canopy-related properties, but also were able to capture the wide range in albedo values associated with needleleaved and broadleaved forest types.
The differences between MODIS and GOES-8 albedo observations over grassland canopies in summer (for α VIS ) and winter (for α VIS and α TSW ) likely result from two main factors: (i) limitations in the GOES-8 albedo dataset used by Davidson and Wang (2004) , and (ii) differences in grassland canopy conditions between the two datasets. The GOES-8 albedo dataset used by Davidson and Wang comprises albedo data collected over a portion of the Canadian boreal forest ecosystem during 1996. Less than 5% of this study area was covered by grassland, and much of this was interspersed with cropland. As a result, it is unlikely that sufficient GOES-8 observations were collected to reflect the actual ranges in albedo across the Canadian grassland ecosystem for either summer or winter. This actual range was more likely captured by the prairie-wide observations of MODIS in 2003. Furthermore, grassland albedo has been shown to change more rapidly and more visibly with rainfall events than that of forested landscapes . As a result, natural interyear variations in factors controlling canopy development (e.g., rainfall and temperature) may cause the MODIS and GOES-8 summer α VIS observations considered here to correspond to considerably different grassland canopy conditions. The differences in MODIS and GOES-8 winter α VIS and α TSW values are likely caused by natural interyear variations in snow cover.
The disparity between MODIS and GOES-8 α VIS observations in summer is more difficult to explain. Our particular concern is the retrieval by MODIS of extremely low α VIS values (α VIS < 0.02) from needleleaved and broadleaved forest landscapes across Canada. We have, however, discounted the possibility that low α VIS values were caused by the effects of water bodies, which could lower the α VIS of forestdominated pixels, since the albedo-cover relationships presented here were calculated using pixels where water fractions equalled zero.
The general agreement between MODIS α TSW observations and in situ measurements in summer, and the disparity between MODIS α TSW observations and in situ measurements in winter, is consistent with the results of other studies. In a previous study , we showed that weekly averaged in situ observations (100 m resolution) collected over grassland, broadleaved forest, mixed forest, and needleleaved forest corresponded closely to GOES-8 α TSW observations over snow-free surfaces, but not over snow-covered surfaces. These differences were attributed to the scale-dependent influence of snow cover on shortwave albedo observations. Figure 5 shows that (i) the largest intra-annual variations in α VIS , α NIR , and α TSW occur in the grasslands and croplands of the prairie provinces, the croplands of southwestern Ontario, and the subpolar and polar grasslands of the Canadian north; and (ii) these variations are greater for α VIS than for α NIR and α TSW . These trends are generally consistent with the results of other studies. Betts and Ball (1997) , Sharrat (1998) , Baldocchi et al. (2000) , Chapin et al. (2000) , Eugster et al. (2000) , and Davidson and Wang (2004) all showed that the α TSW of grassland and tundra is more variable than that of boreal forest. These results are caused by the differential effects that snow cover has on the winter albedos of these ecosystems and seasonal differences in canopy conditions. As mentioned previously, winter snow cover has a considerable influence on the albedos of grassland, tundra, and cropland because it masks the underlying vegetated surface, producing highly reflective surfaces even after smaller snowfalls. These high winter albedos and lower summer albedos give rise to the large intraannual variability in albedo in these ecosystems. In comparison, snow cover has a smaller influence on the albedo of forested landscapes. This is because tree canopies protrude through snow cover, masking the surface and thereby reducing the overall effects of snow presence on albedo Eugster et al., 2000) .
Intra-annual variations in albedo
Grasslands, croplands, and tundra show large intra-annual variations in α VIS because these canopies produce high α VIS values in winter, but low α VIS values in summer. In winter, snow cover dominates the ground surface, producing high α VIS values (α VIS > 0.80) over these canopies. In summer, when canopies are in full leaf, most of the incident radiation in the visible part of the solar spectrum is absorbed by leaf chlorophyll, leading to low α VIS values (α VIS < 0.25). In comparison, canopy α NIR values are typically less than those of α VIS in winter and higher than those of α VIS in summer. This is because snow-covered surfaces typically reflect half as much near-infrared radiation as visible radiation (Dickinson, 1983) and because green vegetation reflects highly in the nearinfrared part of the solar spectrum (α NIR < 0.25). This produces a smaller intra-annual variation in α NIR compared with that in α VIS . Intra-annual variations in α TSW roughly correspond to the mean of α VIS and α NIR values for each vegetation type. This is because approximately half of incident solar energy is in the visible part of the solar spectrum, and the other half is in the near-infrared part of the solar spectrum. Table 3 shows that (i) significant differences in mean albedo occur among most of the cover types considered in this study, (ii) land cover types sharing similar albedo characteristics in summer do not necessarily share similar albedo characteristics in winter, and (iii) these similarities generally occur between cover types that are dominated by similar plant forms (e.g., needleleaved and broadleaved forest; cropland and grassland).
Similarities and differences in albedos among land cover classes
These trends are relatively consistent with the results of our previous studies. A further analysis of the GOES-8 albedo data used by Davidson and Wang (2004) shows that the α TSW values of broadleaved forest, needleleaved forest, and mixed forest are significantly different over snow-free and snow-covered surfaces, as are the α TSW values of low-, medium-, and highdensity needleleaved forest. These findings are consistent with Table 3 , which shows that significant differences in α TSW occur in winter and summer among broadleaved forest, needleleaved forest, and mixed forest and between closed-and open-canopy needleleaved forests. The discovery that the α TSW of lowdensity needleleaved forest is significantly higher than those of medium-and high-density forest is important because this forest type covers a considerable portion of the Canadian boreal region. As a result, the failure of climate modellers to separately parameterize this cover type with a higher albedo than that typically used for needleleaved forest could lead to large errors in modelled energy balance across the boreal region.
It is important to note, however, that our results are spatial scale dependent. Chapin et al. (2000) used the results of several arctic studies to show that the summer α TSW values of boreal forest and tundra were not statistically separable. Their study was based on the assumption that the various cover types found within boreal forest (e.g., broadleaved forest, mixed forest, and needleleaved forest of varying densities) and tundra (e.g., grassland, grassland with sparse shrub layer, grassland with sparse tree layer) can be aggregated into two broad cover types whose α TSW values are represented by a single value. Chapin et al. used their results to argue that the separate parameterization of boreal forest and tundra in climate models was unnecessary. Although we admit that the broad definition of forest, grassland, and tundra cover types would undoubtedly simplify the parameterization of surface albedo in climate models, and that cover type aggregation may not significantly affect modelled energy balances at a regional scale, we caution that it could lead to serious errors in modelled radiation balances across local scales. Future studies should assess the effects of land cover aggregations on the modelled radiation balance of the Canadian landmass.
Conclusions
The work presented here uses MODIS albedo data to investigate how summer and winter albedos, and the intraannual variation in albedo, vary across the Canadian landscape. We have shown that (i) summer and winter albedos generally decrease as one moves from grassland to broadleaved forest to needleleaved and mixed forest; (ii) the effects of snow cover on albedo vary among land cover types; (iii) the largest intraannual albedo variations occur over grasslands, cropland, and tundra; (iv) significant differences in albedo occur not only among broadleaved forest, needleleaf forest, grassland, and tundra, but also among their various canopy types (e.g., open versus closed canopies); and (v) land cover types sharing similar albedos in winter do not necessarily share similar albedos in summer. These trends are caused by the various canopy properties that influence within-canopy shadowing and are supported to varying degrees by other in situ and remote sensing studies. The differences in albedo among land cover types suggest that the use of overly general land cover classes in climate models will ignore important local-scale spatial variations in surface albedo, which could potentially lead to large errors in modelled energy balance across the Canadian landmass. From a modelling perspective, the value of the results presented here is threefold. First, they may be used to identify the conditions (e.g., time of year, land cover type) under which albedo model subcomponents need to be improved. Second, they may be used to identify where models can simplify or aggregate their land cover schemes without losing important information on the spatiotemporal characteristics of albedo. The aggregation of classes with similar albedo characteristics eliminates the need to explicitly parameterize the albedo of each land cover class, while the nonaggregation of classes with different albedo characteristics allows important interclass differences in surface albedos to be recognized. Third, they suggest that although the knowledge of land cover type is necessary to model land surface albedo in summer, it is less important in winter, where the effects of snow are dominant. The analysis herein is based on the broadband albedo of visible, near-infrared, and total shortwave wavelengths, whose spectral differentiation is common in current land surface schemes of climate models. Spectral albedo is sensitive to wavelength, especially in the near infrared. Along with the development of multiband land surface schemes in climate and ecosystem models, future studies should explicitly assess the albedo characteristics at different wavelengths.
